In Brief
The redox sensor protein Gpx3 is imported into yeast mitochondria via a targeting sequence encoded from an upstream non-AUG codon. Kritsiligkou et al. show that mitochondrial Gpx3 acts in collaboration with the oxidative protein-folding machinery to ensure mitochondrial proteostasis and morphology.
INTRODUCTION
Disulfide bond formation is crucial for the native structure and stability of many proteins, while redox regulation through reversible cysteine oxidation is a common cellular strategy to adapt protein function to redox conditions. Conversely, oxidative stress may have detrimental effects on cell physiology through thiol oxidation, which is why cells have evolved several enzymatic mechanisms to cope with such conditions. These include the glutaredoxin and thioredoxin systems, which are the major cellular protein disulfide reduction systems (Morano et al., 2012) .
Hydrogen peroxide (H 2 O 2 ) is a reactive oxygen species (ROS) that can lead to oxidative damage but can also act as a signaling molecule (Veal and Day, 2011) . It is normally produced within cells from the dismutation of superoxide anions, as a product of NADPH oxidases, or as a byproduct of the mitochondrial respiratory chain (Murphy, 2009) . Other sources of H 2 O 2 are the processes of fatty acid oxidation in peroxisomes and disulfide bond formation in the endoplasmic reticulum (ER) and the mitochondrial intermembrane space (IMS). In yeast cells, the signaling role of H 2 O 2 is primarily mediated by the Gpx3 thiol peroxidase (Delaunay et al., 2002) . H 2 O 2 oxidizes Gpx3 in the cytosol, resulting in the formation of an intermolecular disulfide bond with Yap1, the transcription factor that regulates the hydroperoxide response. Subsequently, the active form of Yap1 is generated by the formation of intramolecular disulfide bridges within Yap1. In this manner, Gpx3 functions as a H 2 O 2 transducer in the cytosol (Toledano et al., 2004) .
Oxidative protein folding is temporally and spatially uncoupled from protein synthesis in the cytosol, where reduced glutathione and reductive enzymes inhibit the formation of disulfide bonds. Compartmentalization is therefore a critical part of the process. Furthermore, mitochondria are the main cellular source of ROS, and maintaining their redox balance is critical for the aging process and many age-related neurodegenerative diseases (Murphy, 2009 ). Mia40 shuttles disulfides to substrates in the IMS, functioning as a chaperone and inducing their folding. The flavin adenine dinucleotide (FAD)-sulfhydryl oxidase Erv1 generates disulfide bonds de novo using either molecular oxygen or cytochrome c and other proteins as terminal electron acceptors (Allen et al., 2005) . A natural byproduct of this reaction is H 2 O 2 , and its level needs to be tightly controlled. In the ER, removal of H 2 O 2 produced by the FAD-linked Ero1 is ensured by the peroxiredoxin PrxIV, which provides an efficient quenching system together with GPX7 and GPX8 Zito et al., 2010) . So far, no such H 2 O 2 -sensing and/or removal system has been characterized for the mitochondrial IMS. However, it is apparent that there is a need to control the levels of H 2 O 2 and the redox state of Mia40 and Erv1 in this compartment. Interestingly, a proteomic yeast mitochondrial analysis identified a list of cytosolic proteins as members of the IMS, including Gpx3 (Vö gtle et al., 2012).
Here, we characterized the role of Gpx3 in yeast mitochondria. We show that a fraction of Gpx3 is localized in the mitochondrial IMS in addition to the cytosol and that the mitochondrial form of Gpx3 is encoded by an upstream non-AUG codon that leads to an N-terminal extension capable of targeting proteins to the mitochondria. Furthermore, we show that cells lacking Gpx3 have aberrant mitochondrial morphology, display mitochondrial import defects, and lose their mitochondrial inner membrane potential upon H 2 O 2 -induced stress. The mitochondrial form of Gpx3 could rescue these phenotypes, suggesting a novel role for Gpx3 independent of its cytosolic function. Additionally, Gpx3 was shown to interact with Mia40 and maintain its redox state in vivo. Collectively, our data indicate that the mitochondrial IMS form of Gpx3 is linked to the oxidative folding machinery in this intracellular compartment.
RESULTS

Gpx3 Localizes to the Mitochondrial IMS
A previous proteomic analysis of the mitochondrial IMS identified Gpx3 (Vö gtle et al., 2012) . We validated the IMS localization of Gpx3 and examined whether it is altered in response to respiratory growth or oxidative stress conditions. Intracellular distribution was monitored using a Gpx3-GFP tagged version and a mitochondrially targeted RFP probe (mtRFP) for comparison (Leadsham et al., 2013) . Gpx3 displayed strong cytoplasmic fluorescence under fermentative conditions ( Figure 1A) ; this made it difficult to detect any mitochondrial localization. However, following H 2 O 2 -induced oxidative stress, mitochondria undergo fission, forming multiple fragmented structures ( Figure 1A ; H 2 O 2 ). Under these conditions, we observed the co-localization of Gpx3 with mitochondria. Similarly, under respiratory conditions, Gpx3-GFP displayed predominantly cytoplasmic fluorescence, while co-localization with mitochondria was seen following H 2 O 2 treatment ( Figure 1A) .
To further examine the mitochondrial localization of Gpx3, we used gpx3 mutant cells expressing a functional myc-tagged version of Gpx3 under the control of its native promoter. We verified that Gpx3-myc rescued the sensitivity of a gpx3 mutant strain to H 2 O 2 ( Figure S1A ). Western blot analysis of mitochondrial and cytoplasmic fractions obtained by cell fractionation confirmed that a similar fraction of Gpx3 could be detected in mitochondria before and after H 2 O 2 stress ( Figure 1B) . Additionally, we performed fractionation of wild-type mitochondria via osmotic shock and carbonate extraction ( Figure 1C ). Selective disruption of the outer membrane by hypotonic swelling to create mitoplasts (MP) followed by centrifugation releases the IMS content to the supernatant. Gpx3 was found in similar (A) A Gpx3-GFP genomically tagged strain was transformed with a plasmid expressing mtRFP. Cells were grown either in SCD (fermentative) or SCGE (respiratory) media and exposed to 1 mM H 2 O 2 for 1 hr. (B) A gpx3 mutant strain was transformed with empty vector (ev) or a plasmid expressing Gpx3-myc (WT). Cells were grown in SD media until midexponential phase and treated with 1 mM H 2 O 2 . Cells were then fractionated to separate the cytosolic (C) and mitochondrial (M) fractions and western blots probed using antibodies against Gpx3-myc, mitochondrial porin (aPor1), and cytosolic Pgk1 (aPgk1). (C) Fractionation of isolated WT yeast mitochondria (M). The outer mitochondrial membrane was removed with osmotic shock to create mitoplasts (MP) for protease (PK) access to the IMS. Soluble proteins (s) were obtained by carbonate extraction (CE), with the insoluble ones remaining in the pellet fraction (p). Western blots were probed with aErv1 and aTim10 for IMS proteins, aTom40 for the OM, and aHsp70 for the matrix. (D) Import of radiolabeled Gpx3 in WT yeast mitochondria for 20 min (M) (autoradiography). To verify the specificity of the import, samples were also treated with Triton X before exposure to protease (Tx). Further fractionation was additionally performed in a similar manner as in (C), using osmotic shock in the presence or absence of protease (MP samples). Finally, the mitochondrial soluble proteins were also obtained by carbonate extraction (CE). The 10% sample corresponds to the precursor that was used for the import reaction.
amounts in both the pellet (associated with the inner membrane [IM] ) and the supernatant IMS fraction ( Figure 1C ). Addition of Protease K (PK) during mitoplasting resulted in almost complete degradation of Gpx3 confirming its localization in the IMS. Furthermore, extraction by carbonate (CE) released the majority of Gpx3 into the supernatant, showing that Gpx3 is only weakly associated with the IM ( Figure 1C) .
We tested for import of Gpx3 in isolated wild-type mitochondria.
35 S-labeled Gpx3, produced using an in vitro reticulocyte translation system, was incubated with purified mitochondria and was found to be imported into a protease-protected location ( Figure 1D ). Solubilization of mitochondria with Triton X-100 (Tx) after import and subsequent addition of protease (PK) confirmed that Gpx3 could be cleaved and that import was specific to the mitochondria ( Figure 1D ). To assess the intra-mitochondrial localization of Gpx3, mitochondria were converted to mitoplasts. Gpx3 was found predominantly in the mitoplast pellet and was degraded in the presence of PK ( Figure 1D ), suggesting an association with the IM facing the IMS. Sodium carbonate extraction released most, but not all, Gpx3 into the supernatant, again suggesting an association with the IM ( Figure 1D ). Additionally, treatment of isolated yeast mitochondria with low urea did not further release Gpx3 into the supernatant, indicating that the IMS-localized Gpx3 has an affinity for the IM ( Figure S1B ). We also tested the cytosolic transcription factor Yap1 and the non-mitochondrial protein luciferase, confirming the import specificity under these conditions ( Figure S1C ). Taken together, these data indicate that a small but notable fraction of the cellular pool of Gpx3 localizes to the IMS of mitochondria and is associated with the outer surface of the inner mitochondrial membrane.
Gpx3 Is Imported into Mitochondria Using an N-Terminal
Targeting Signal Encoded from a Non-AUG Codon Examination of the N terminus of Gpx3 did not reveal any potential mitochondrial targeting sequences. However, a genome-wide ribosome profiling analysis of yeast grown under H 2 O 2 -induced stress identified a potential N-terminal extension within the GPX3 mRNA, where translation is initiated upstream of the normal GPX3 AUG start codon (Gerashchenko et al., 2012) . We examined whether this N-terminal extension might encode a Gpx3 mitochondrial targeting sequence. While the study by Gerashchenko et al. (2012) identified ribosome binding upstream of the normal GPX3 AUG start codon, the exact site of initiation was unclear, although potential non-AUG codons were observed (Michel et al., 2014) . These would add an additional 18 amino acid N-terminal extension (encoded by a CTT codon 54 nt upstream of the normal start site) or a 16 amino acid N-terminal extension (encoded by an ACG codon 48 nt upstream of the normal start site). Using Mitoprot (prediction of mitochondrial targeting sequences for mitochondrial matrix proteins) (Claros and Vincens, 1996) , both hypothetical N-terminal extensions of Gpx3 were predicted to encode targeting sequences with a high probability of mitochondrial import compared to wild-type Gpx3 (+18 amino acid [aa], 0.8744; +16 amino acid, 0.8058; WT, 0.0033).
To examine the effect of N-terminal extensions on the mitochondrial import of Gpx3, mutant versions were constructed using the wild-type Gpx3-myc plasmid as a template. In one construct, 54 nt upstream of the GPX3 AUG codon were deleted to remove the entire putative mitochondrial targeting sequence (Figure 2A ; Du18). In a second construct, the GPX3 AUG codon was removed by mutating it to a TTG codon (Figure 2A ; M1L). We predicted that by removing the canonical GPX3 AUG codon, we would be able to detect any longer forms of Gpx3 arising from non-AUG upstream translation initiation and that they would be targeted to mitochondria.
We examined the expression of plasmid-borne GPX3 mutants in strains grown under fermentative growth conditions ( Figure 2B ) in the absence or presence of H 2 O 2 -stress using western blotting of total cell extracts. The Du18 mutant was expressed at slightly lower levels than wild-type Gpx3 ( Figure 2B ). Importantly, a protein product was detected in the M1L mutant, indicating that translation initiation could still occur in the absence of the normal GPX3 AUG codon ( Figure 2B ). H 2 O 2 -induced stress did not alter the production of any of the Gpx3 isoforms ( Figure 2B ).
Next, we examined the localization of Gpx3 mutants by isolating cytoplasmic and mitochondrial fractions ( Figure 2C ). As expected, wild-type Gpx3 was detected in both fractions (59% cytosolic and 41% mitochondrial) ( Figure 2C ). The Du18 mutant was predominantly found in the cytosolic fraction (86%) ( Figure 2C ), whereas the M1L mutant was almost absent from the cytosolic fraction but detectable in the mitochondrial fraction (94%) ( Figure 2C ). To further confirm the potential role of an upstream sequence in the mitochondrial targeting of Gpx3, we introduced an AUG start codon 54 nt or 48 nt upstream of the position of the canonical start codon in the M1L mutant ( Figure 2A ). We reasoned that these constructs, named N18 (L(À18)M, M1L) and N16 (T(À16)M, M1L), would contain 18-and 16-amino-acid N-terminal extensions, respectively, which should promote mitochondrial localization. Both variants were expressed at significantly higher levels than the M1L mutant due to the presence of an AUG start codon ( Figure 2D ). Additionally, they predominantly localized to mitochondria, although cytosolic localization was still observed ( Figure 2D ). This is consistent with previous observations suggesting that the mitochondrial import machinery can become saturated; hence, the cytoplasmic form may represent Gpx3, which has not been processed and is trapped within the cytoplasm (Outten and Culotta, 2004) .
We next questioned whether the N18 presequence is sufficient to drive a non-mitochondrial protein to mitochondria. An N18-DHFR construct was generated and examined in an import assay ( Figure 2E ). DHFR itself could not be imported, but the 18 amino acid extension acted as a targeting sequence leading to the efficient import of DHFR to mitochondria ( Figure 2E ). We also replaced the coding region of Gpx3 with GFP in the N18-Gpx3 and other mutant forms and followed their localization using fluorescence microscopy ( Figures 2F and S2A ). The N18-GFP construct localized to mitochondria, whereas the Du18 variant did not (Figures 2F and S2A) . Taken together, our data suggest that the 18 amino acid region upstream of the Gpx3 AUG start codon is sufficient to promote import of a non-targeted protein to mitochondria both in vivo and in organello.
We next assessed the effect of the N-terminal extension on targeting Gpx3 to mitochondria with import assays. Our own data ( Figure 1D (legend continued on next page) isolated mitochondria. Localization experiments using radioactive N18 Gpx3 verified the presence of this longer version of Gpx3 in the IMS similar to wild-type Gpx3 ( Figure S1D ). Radioactive Gpx3 and N18 Gpx3 were imported into mitochondria at specific time points to compare their import capacity ( Figure 2G ). Both variants were imported efficiently, but early time point kinetics (15 s to 2 min) revealed that N18 Gpx3 displayed notably faster kinetics, peaking at 30 s with an import yield at least two times higher than Gpx3 ( Figures 2G and S2B ). At later time points, both variants were imported efficiently and at similar levels into isolated mitochondria; import appeared to plateau after 10 min ( Figure S2C ). These data indicate that the 18 amino acid region upstream of the normal Gpx3 AUG codon acts as a mitochondrial targeting sequence, likely affecting the early targeting events to the organelle.
Lack of Gpx3 Affects Mitochondrial Morphology and Function
Mitochondrial morphology defects are commonly observed as a result of mitochondrial dysfunction. To investigate the potential mitochondrial function of Gpx3, we examined the mitochondrial morphology of gpx3 mutants using electron microscopy ( Figure 3A) . We also examined a yap1 mutant to uncouple the putative function of Gpx3 in mitochondria from its established Yap1-linked cytoplasmic role. Comparing gpx3 to wild-type yeast cells grown under fermentative conditions, we observed abnormalities in mitochondrial shape ( Figure 3A ). The most common feature was the presence of mitochondria in a distinctive ''dumbbell'' shape, as they appeared thicker at their ends while the middle section was thinner, stretched, and curved (Figure 3A) . Quantification analysis confirmed the higher frequency of this mitochondrial abnormality in the gpx3 strain ( Figure S3A ). To assess whether this morphological defect can be observed in vivo, we visualized mitochondria using fluorescent microscopy ( Figure S3B ). Again, the gpx3 strain appeared to exhibit mitochondrial morphology similar to that observed using electron microscopy (EM) (Figures 3A and S3B) . Alterations in mitochondrial morphology are frequently associated with defects in the IM potential. We examined whether loss of GPX3 abrogates the mitochondrial membrane potential in mitochondria isolated from wild-type and gpx3 mutant strains by evaluating the incorporation of the fluorescent dye 3,3 0 -dipropylthiadicarbocyanine iodide (DiSC 3 (5)) in mitochondria with active membrane potential ( Figure 3B ). The fluorescent signal is reduced as the dye becomes incorporated (addition of mitochondria to the reaction) and increases when the dye is released (addition of valinomycin to the reaction). We found that mitochondria from the gpx3 strain exhibit a lower membrane potential ($25%) than wild-type mitochondria isolated under physiological conditions ( Figure 3B ).
As mitochondrial import into the IM and matrix requires the IM potential, we next examined the effect of the loss of GPX3 on the import capacity of mitochondria using in vitro import experiments with isolated mitochondria. We used the matrix-targeted precursor Su9DHFR that has been widely used to study import into mitochondria (Allen et al., 2005; Geissler et al., 2000; Kurz et al., 1999; Sideris and Tokatlidis, 2007) . We observed some minor differences between wild-type mitochondria and gpx3 mitochondria prepared from cells grown under physiological conditions in the import of Su9DHFR, as the uncleaved precursor form of Su9DHFR was more pronounced in the gpx3 mitochondria ( Figure 3C ). Additionally, in wild-type mitochondria isolated from H 2 O 2 -stressed cells, we observed the uncleaved precursor form, suggesting that the maturation of Su9DHFR was reduced ( Figure 3C ). When the precursor was imported in the gpx3 mitochondria from H 2 O 2 -stressed cells, its maturation to the presequence-cleaved form was substantially abrogated, consistent with the previously observed defects in mitochondrial membrane potential ( Figure 3C ).
Hypothesizing that Gpx3 might act as an antioxidant in the mitochondrial IMS, we questioned whether a strain lacking Gpx3 might exhibit elevated levels of ROS in mitochondria. We used two approaches: (1) a genetic approach, where we deleted SOD1, a well-known IMS-localized antioxidant enzyme, and assessed the ability of the strains to grow on respiratory media ( Figure S3C ); and (2) an assay to directly measure the levels of mitochondrial ROS ( Figure 3D ). The genetic approach revealed that a gpx3 sod1 strain grows poorly on respiratory media compared with the single-deletion strains. For the mitochondrial ROS measurements, we used MitoSOX, a fluorogenic dye that is targeted to mitochondria and becomes fluorescent upon oxidation by ROS exposure ( Figure 3D ). MitoSOX is thought to interact with superoxide, but it is also considered to be a useful indicator that can measure intracellular oxidant formation (Zielonka and Kalyanaraman, 2010) . Higher fluorescence was detected in the gpx3 mutant compared with the other strains, under normal growth conditions, indicating higher basal levels of oxidation in gpx3 mitochondria ( Figure 3D ). The increased MitoSOX staining in a gpx3 mutant ( Figure 3D ) could reflect a defective electron transport chain (ETC), leaking electrons and thus generating more superoxide. This interpretation is also consistent with the lower mitochondrial membrane potential ( Figure 3B ) and impaired import in gpx3 mutants ( Figure 3C ).
Mitochondrial Gpx3 Rescues the Defects of a gpx3
Deletion Strain A strain lacking Gpx3 exhibits a wide variety of mitochondrial defects, but as Gpx3 is a signal transducer for Yap1 in the oxidative stress response, we examined whether mitochondrially localized Gpx3 is sufficient to rescue the mitochondrial phenotypes (E) Import of radiolabeled precursors, Su9DHFR, DHFR, and N18DHFR in WT yeast mitochondria for 10 min. To verify the specificity of import, samples were treated with Triton X-100 before exposure to protease (Tx). Controls were similar to those used in Figure 1D . (F) A WT strain expressing both an N18-roGFP2 plasmid and an mtRFP plasmid was grown to mid-exponential phase, and the localization of both fluorescent probes was examined with light microscopy. (G) Schematic representation of the Gpx3 constructs used for the radioactive expression of the precursors in this study. Import of radiolabeled N18Gpx3 and Gpx3 in isolated WT yeast mitochondria for the indicated time points (autoradiography). Equal loading was verified using the known mitochondrial marker protein porin (aPor1). The 10% sample was used as a control, as in Figure 1D .
observed. We investigated the import of Su9DHFR in mitochondria isolated from cells expressing different mutant forms of Gpx3 ( Figure 4A ). Mitochondria isolated from gpx3 mutant cells transformed with a plasmid expressing wild-type Gpx3 (WT) or no Gpx3 (ev) showed import kinetics similar to those of WT and gpx3 strains ( Figures 3C and 4A) . No major defects were observed for any gpx3 mutant strains when the mitochondria were isolated from unstressed cells ( Figure 4A ). However, when mitochondria were isolated from H 2 O 2 -treated cells, differences in import capacity were observed. When mitochondria were isolated from cells containing either the M1L or N18 version of Gpx3, the maturation of Su9DHFR was partially rescued when compared to gpx3-depleted mitochondria ( Figure 4A ). In contrast, when isolated from cells expressing Du18 and N16 Gpx3, the maturation pattern of Su9DHFR was similar to that observed in mitochondria lacking Gpx3 ( Figure 4A ). We also examined the Mia40-dependent, IMS-targeted protein Tim10 to evaluate whether import defects were only relevant for matrix-targeted proteins or whether loss of Gpx3 affects import pathways (like the MIA pathway) that do not depend on the membrane potential ( Figure 4B ). Import of Tim10 in gpx3-depleted mitochondria ( Figure 4B ) appeared to be less efficient than import into mitochondria from cells that contain Gpx3, independent of whether the cells were treated with H 2 O 2 ( Figure 4B ). The import of Tim10 in mitochondria was restored to WT levels when any of the forms of Gpx3 were expressed in these cells ( Figure 4B ).
To examine whether the mitochondrial forms of Gpx3 can rescue mitochondrial morphology phenotypes, we used EM. We observed that mitochondria in gpx3 strains transformed Figure S3A. (B) WT and gpx3 yeast mitochondria were incubated with DISC 3 (5) to assess the IM potential. Valinomycin was added to visualize the release of the dye from the mitochondria as a control. The signal of the dye in the reaction prior to the addition of mitochondria was set to 100%. Averages shown are from three repeats. (C) Import of radioactive Su9DHFR in WT and gpx3 yeast mitochondria for the indicated time points. Equal loading was verified using the mitochondrial marker protein aPor1. The 10% sample corresponds to the precursor that was used for the import. (D) Staining for mitochondrial ROS was performed using MitoSOX. Representative histograms from three experimental repeats are presented.
with a plasmid encoding WT Gpx3 (WT) or the empty vector (ev) reflect the morphology of a WT and gpx3 strain, respectively ( Figures 3A and 4C ). The M1L, N16, and N18 forms could rescue the abnormal morphology observed, whereas the Du18 variant still had high levels of abnormal mitochondria, similar to the empty vector control ( Figure 4C ). Taken together, these data indicate that the mitochondrial import and morphology defects observed in a gpx3 strain can be rescued when the mitochondrial, but not the cytosolic, form of Gpx3 is expressed, demonstrating a mitochondrial-specific role for Gpx3.
As both Du18 and M1L appear to localize to the cytosol and mitochondria, albeit at different levels, we generated a variant of Gpx3 that only localizes to the mitochondrial IMS. We achieved this by generating a translational fusion of the cytochrome b2 (Cyb2) presequence that targets proteins to the IMS, upstream of Gpx3-myc, and is expressed under the control of the Mia40 promoter. Cyb2-Gpx3-myc is only found in the mitochondrial fraction, unlike the WT, which is dually localized in the cytosol and mitochondria ( Figure 5A ). The sub-mitochondrial localization of Cyb2-Gpx3 was assessed by mitoplasting, confirming that Cyb2-Gpx3 is localized in the mitochondrial IMS ( Figure 5B ). Having confirmed the IMS localization of Cyb2-Gpx3, we addressed whether an IMSonly form of Gpx3 could rescue any of the mitochondrial phenotypes of the gpx3 mutant. First, we examined protein import and found that unlike mitochondria, where Gpx3 is absent and protein import of Su9-DHFR is impaired, mitochondria isolated from Cyb2-Gpx3-expressing strains have restored protein import capacity ( Figure 5C ). We then questioned whether this rescue occurs because Cyb2-Gpx3 restores the membrane potential defect of a gpx3 strain and found that Cyb2-Gpx3 restores the membrane potential to levels similar to the WT ( Figure 5D ). In parallel, we examined whether the Cyb2-Gpx3 could act as an antioxidant in the IMS. Using viability assays, we found that Cyb2-Gpx3 can (A) Import of the radioactive precursor Su9DHFR in mitochondria isolated from gpx3 strains expressing different forms of Gpx3 for the indicated time points. Equal loading was verified using antibodies against mitochondrial Tom40. The 5% sample corresponds to the precursor that was used for the import reaction. (B) Same as (A), but the radioactive precursor of Tim10 was used instead of Su9DHFR. (C) EM analysis of the same cells grown to mid exponential phase. Quantification of occurrence of thinner mitochondria is presented. Mitochondria from 50 random cells were quantified. Statistical analysis was performed using Fisher's exact test comparing the number of thinner mitochondria from the mutants to the WT form. ***p < 0.001. restore the growth of a gpx3 sod1 mutant on respiratory media similar to WT levels ( Figure 5E ).
Gpx3 Can Oxidize Mia40
Given the role of Gpx3 in Yap1 oxidation, we asked whether Gpx3 has any similar redox-dependent interactions within the IMS. By drawing parallels with the ER, where PrxIV interacts with the PDI oxidoreductase Zito et al., 2010) , we focused on the Mia40 mitochondrial oxidoreductase that is the functional counterpart of PDI in the mitochondrial oxidative folding machinery. We used an in vitro assay with purified proteins and followed changes in their redox state via alkylation (4-Acetamido-4'-maleimidylstilbene-2,2'-disulfonic acid We investigated the reaction between all four possible combinations of reduced and oxidized forms of the two proteins ( Figures  S4A-S4D) . Interestingly, we only detected a change in their redox state when oxidized Gpx3 was mixed with reduced Mia40, suggesting a direct interaction and electron transfer between the two proteins ( Figure S4C ). This experiment is complicated, as oxidized Gpx3 and reduced Mia40 migrate similarly on SDS-PAGE gels. We repeated this experiment using western blot analysis and found that oxidized Gpx3 rapidly becomes reduced following incubation with reduced Mia40, concomitant with oxidation of Mia40 ( Figure 6A ).
We used an additional approach to examine the potential interaction of oxidized Gpx3 with reduced Mia40, where radiolabeled Gpx3 was incubated with purified DN290Mia40His. To confirm the AMS labeling result, we compared the migration of the reduced and oxidized form of Gpx3 to that of a cysteine Figure 3B , WT, gpx3, yap1, Du18 Gpx3, and cyb2 Gpx3 yeast mitochondria were incubated with DISC 3 (5) to assess membrane potential. Error bars show the average of three repeats. (E) Growth assays of WT and sod1 cells expressing the empty vector and a sod1 gpx3 strain expressing Gpx3, cyb2-Gpx3, or empty vector on fermentative or respiratory media. Cells were grown to stationary phase and dilutions of optical density (OD) 1, 0.1, and 0.01 were plated. Images were taken after 3 days of growth. mutant of Gpx3 (Cys82Ala) ( Figure S4E ). Oxidized radiolabeled Gpx3 was incubated with reduced Mia40 and we observed a shift from the oxidized form of Gpx3 to the reduced form that occurs during the first 2 min of the reaction ( Figure 6B ). When an inactive mutant version of core Mia40 DN290Mia40His was used as a negative control, in which the hydrophobic LMFFFM motif is changed to alanine residues , no reduction of oxidized Gpx3 was observed ( Figure 6B ). To ensure that the N18 Gpx3 can also interact with Mia40, oxidized N18 Gpx3 was incubated with reduced Mia40 with similar results ( Figure 6C) .
A peptide scan array was used to independently confirm and map the putative interacting segments between Gpx3 and Mia40 ( Figure S5 ). We used a membrane with immobilized 13 amino acid peptides, with an overlap of 10 amino acids, spanning the N18 Gpx3 sequence. This membrane was incubated with purified DN290Mia40His, and binding was detected using antibodies against Mia40 ( Figure S5A ). Interestingly, there are multiple regions of the Gpx3 sequence where Mia40 seems to bind preferentially. These are (1) the 18-amino-acid extension (residues 4-21) and (2) the C-terminal region (residues 139-150). The C-terminal region is rich in hydrophobic residues, reminiscent of the capacity of Mia40 to bind to protein partners through hydrophobic interactions Milenkovic et al., 2009; Sideris et al., 2009) . As a control, the Mia40 mutant, where the hydrophobic residues LMFFFM were all mutated to Ala to reduce hydrophobicity, showed a markedly diminished capacity to bind to N18 Gpx3 ( Figure S5B) .
We next confirmed the interaction between Gpx3 and Mia40 in organello. We first tested whether the import of Gpx3 is dependent on Mia40, as Mia40 is key to the import of many IMS proteins, particularly those with active cysteines (Kurz et al., 1999; Sideris and Tokatlidis, 2010a) . Radioactive precursor Gpx3 and N18 Gpx3 were imported into isolated WT mitochondria and Mia40-depleted mitochondria derived from a strain where the expression of Mia40 is dependent on the presence of galactose in the media ( Figure 6D ). MIA40 is an essential gene, and cells were grown on glucose-containing media to downregulate the expression of Mia40 prior to purification of these mitochondria. As a control, we examined the import of the MIA-dependent substrate Tim10, which was strongly reduced in the MIA40-depleted mutant ( Figure 6D) . Surprisingly, the import of both N18 Gpx3 and Gpx3 was largely unaffected in mitochondria lacking Mia40, in sharp contrast to Tim10. This suggests that Gpx3 is imported independently of the MIA machinery. Therefore, the observed in vitro interaction between Mia40 and Gpx3 therefore likely reflects an interaction of the two proteins post-import that occurs between the mature and folded proteins. To examine the (D) Import of radiolabeled Tim10, Gpx3, and N18Gpx3 in WT and Mia40-depleted yeast mitochondria for the indicated times. Samples were visualized with autoradiography prior to western blot analysis using mitochondrial Cpn10 for verification of equal loading. (E) Radioactive SPCMia40 was imported in gpx3-Gpx3 mitochondria for 20 min (M). Mitochondria were then solubilized with 0.16% n-Dodecyl b-Dmaltoside (DDM), and the supernatant (s) was separated from the pellet (p) and was incubated with either aMyc or aGpx3 for 2 hr to immunoprecipitate Gpx3Myc (IP samples). Reactions with pre-immune (PI) serum as well as protein beads alone (pA and pG) were used as a control. The 10% and Tx control samples were also loaded, as in Figure 6D . The immunoprecipitation of Gpx3 was done using both aMyc and aGpx3 antibodies. (F) Western blot analysis of the redox state of endogenous Mia40 in isolated WT and gpx3 mitochondria that were blocked with TCA followed by AMS labeling.
interaction between Mia40 and Gpx3 in organello, a radiolabeled cysteine trap mutant SPCMia40 was imported into mitochondria isolated from gpx3 yeast cells expressing plasmid-borne Gpx3-Myc ( Figure 6E ). Mitochondria were then detergent-solubilized, and the extracts were incubated with antibodies against either Gpx3 or the Myc. Mia40 was immunoprecipitated in both cases, indicating a specific association of the two proteins in mitochondria ( Figure 6E) . As a control, mitochondrial extracts were incubated with pre-immune (PI) serum or with protein beads alone (pG) to verify the specificity of the binding ( Figure 6E) .
Finally, taking into consideration both the reduction in the import levels of Tim10 ( Figure 4B ) and the interaction between Mia40 and Gpx3 in organello ( Figure 6E) , we checked the redox state of Mia40 in gpx3-depleted mitochondria. Incubation of mitochondria with AMS revealed that in the absence of Gpx3, Mia40 is less oxidized than WT cells ( Figure 6F ). We further confirmed this by using MAL-PEG to label free thiols, as this provides greater shifts on a gel than AMS ( Figure S4F ). The alteration on the redox state of Mia40 could explain the import defects for Tim10 described above, as this precursor depends on the oxidized form of Mia40 to be imported.
DISCUSSION
An H 2 O 2 detoxification system may be required in the IMS, since H 2 O 2 is produced as a byproduct of the ETC and the Mia40-Erv1 oxidative protein-folding machinery (Daithankar et al., 2012) . Our data suggest that mitochondrial Gpx3 may partially play this role. Gpx3 is targeted to the IMS via an alternative non-AUG translation initiation site located upstream of its canonical AUG codon that leads to an 18-amino-acid-long N-terminal extension sufficient to target any protein to the mitochondria. Translation from non-AUG codons in S. cerevisiae is well established (Zitomer et al., 1984) , but paradigms of non-canonical translation that lead to alternative mitochondrial localization are very few, with the translation of tRNA synthetases being the best-characterized examples of such a process (Chang and Wang, 2004) . This is not unique to yeast, as in higher eukaryotes, translation from non-AUG codons to target polypeptides to mitochondria has also been shown. Recent studies using ribosome footprinting have tried to elucidate translation initiation sites from non-AUG codons, and several proteins have been shown to have N-terminal extensions. One such example is PTEN, a phosphatase involved in the AKT signaling pathway that was shown to have an alternative translation initiation site that leads to a longer form called PTENa that is important for mitochondrial function (Liang et al., 2014) .
Previous studies have highlighted the importance of redox regulation in mitochondrial import. For example, oxidative stress conditions block the import of proteins via the TIM22 pathway (Curran et al., 2004) . Our data show that the loss of GPX3 reduces import into the mitochondrial matrix, particularly during oxidative stress conditions. Other studies have shown the importance of redox systems for the import of mitochondrial proteins into the IMS. Loss of yeast thioredoxins leads to reduced import rates and accumulation of oxidized unimported pre-proteins (Durigon et al., 2012) . However, the IMS localization of thioredoxin could provide an alternative explanation, since Trx1 may be responsible for maintaining the redox environment in the IMS, as well as providing the reducing power for Gpx3. Additionally in S. pombe thioredoxin reductase mutants (where thioredoxin would be oxidized), both Erv1 and Mia40 appear to be differentially oxidized (García-Santamarina et al., 2013) .
Other studies have emphasized the importance of reductants in the IMS, such as glutathione and glutathione reductase, that can influence the redox state of Mia40 (Kojer et al., 2012 (Kojer et al., , 2015 . As there is no known glutathione reductase in the IMS, one can hypothesize that should the IMS become more oxidized, this could lead to several defects via inactivation of mitochondrial proteins. Recently, it has also been shown that oxidized glutathione has a role in determining mitochondrial fusion in HeLa cells (Shutt et al., 2012) . Our observations are in agreement with these findings, as mitochondria from the gpx3 mutant appear to exhibit fission defects and aberrant mitochondrial architecture. The fact that mitochondrial Gpx3 can rescue these phenotypes highlights the importance of the presence of Gpx3 in the mitochondria and its function in thiol regulation. Additionally, there are extensive overlaps between the thioredoxin and glutathione redox systems, and, for example, the thioredoxin system has been shown to reduce glutathione disulfide or oxidised glutathione (GSSG) (Tan et al., 2010) . We propose that Gpx3 acts as a key thiol peroxidase in a previously unappreciated redox regulatory pathway in the IMS.
Peroxiredoxins have been implicated in oxidative protein folding in the ER, where PrxIV facilitates correct oxidative protein folding and plays a role in detoxifying H 2 O 2 produced from the oxidative protein-folding machinery via Ero1 . It was shown that PrxIV could rescue deletion phenotypes in the absence of Ero1 by oxidizing PDI Zito et al., 2010) . Our data reveal a similar mechanism in mitochondria, as Gpx3 can interact with Mia40, an oxidoreductase, and oxidize its reduced form. These findings suggest that the role of peroxiredoxins in facilitating oxidative protein folding is highly conserved. It will be exciting to study in the future whether this new interaction between Gpx3 and Mia40 described here is related or independent from the well-known function of Erv1 in recycling reduced Mia40 back to its oxidized state during the mitochondrial oxidative folding process.
Thiol peroxidases are major antioxidants that provide an enzymatic defense against oxidative stress caused by hydroperoxides. Gpx3 is best classified as an atypical 2-Cys peroxiredoxin, as it forms an intramolecular disulfide bond as part of its catalytic cycle, which is reduced by thioredoxin (Delaunay et al., 2002) . Here, we propose that apart from its essential function as a redox switch in the cytosol, Gpx3 functions as an oxidoreductase in the IMS (Figure 7) . Therefore, loss of Gpx3 impacts the mitochondrial IM potential, maintenance of mitochondrial architecture, and mitochondrial protein import and folding via interaction with the Mia40 oxidative proteinfolding machinery. Our data suggest that the role of Gpx3 in the IMS is different from its role as a redox switch in the cytosol, as the mitochondrial-only form of Gpx3 can rescue both the import defects and the abnormal mitochondrial morphology.
This study reveals an intriguing and unanticipated link between mitochondrial redox regulation and protein homeostasis, with important ramifications for oxidative metabolism and mitochondrial dysfunction.
EXPERIMENTAL PROCEDURES
Fluorescence Microscopy A CellASIC microfluidic chamber was used to monitor live cells using a Delta Vision (Applied Precision) restoration microscope with a 1003/NA 1.40 PlanApo objective and fluorescein isothiocyanate (FITC) and Texas red band pass filters from the Sedat filter set (Chroma). The images were collected using a Coolsnap HQ (Photometrics) camera with a Z optical spacing of 0.25 mm. The raw images were deconvoluted using the Softworx software. All images were analyzed using ImageJ (https://imagej.nih.gov/ij).
EM Analysis
Samples were fixed with 4% formaldehyde and 2.5% glutaraldehyde in 0.1 M HEPES (pH 7.2). They were then infiltrated with 1% NaIO4 in water for 1 hr and stained with 1% uranyl acetate in water for 1 hr. The pellet was cut into small pieces, which were infiltrated with 1.6 M sucrose and 20% polyvinylpyrrolidone overnight, put on aluminum stubs, and frozen in liquid nitrogen. Ultrathin sections were cut with a Leica Ultracut UC6 ultramicrotome with FC6 cryo-chamber at À120 C and retrieved with the mix of 2.1 M sucrose and 2% methylcellulose. Sections were thawed, washed with 0.1M phosphate buffer, fixed with 1% Glutaraldehyde, and after washing with distilled water embedded into 1.8% methylcellulose with 0.5% uranyl acetate. Cells observed with an FEI Tecnai 12 Biotwin microscope at 100 kV accelerating voltage. Images were taken with Gatan Orius SC1000 charge-coupled device (CCD) camera.
Membrane Potential Measurement in Isolated Mitochondria
The membrane potential (Dc) of isolated yeast mitochondria was assessed by measuring the fluorescence quenching of DiSC 3 (5) (Molecular Probes) as described previously (Gä (excitation 622 nm, emission 670 nm). The measurements were carried out in 1 mL 0.6 M sorbitol, 0.1% (w/v) BSA, 10 mM MgCl 2 , 0.5 mM EDTA, and 20 mM KPi (pH 7.4). The following reagents were successively added, and the change in fluorescence was recorded: DiSC 3 (5) (in ethanol; final concentration, 2 mM); 50 mg mitochondria (in SEM buffer [250 mM sucrose, 1 mM EDTA, 10 mM MOPS-KOH, pH 7.2]) and, finally, valinomycin (in acetone; final concentration, 1 mM) to disrupt the potential. The difference in the fluorescence before and after the addition of valinomycin represents a relative assessment of the membrane potential. Each reaction was performed three times (individual aliquots of mitochondria), and then averages were calculated and presented as percentage values.
ROS Staining
For measurements using flow cytometry, cells were grown to mid exponential phase in SCD media and 10 5 cells collected by centrifugation. Cells were incubated in the dark with 2.5 mM MitoSOX (Life Technologies) for 30 min at 30 C.
30,000 cells from each experimental condition were analyzed using a flow cytometer (CyAn ADP, Beckman Coulter; excitation 488 nm, emission 520/30 nm).
Import in Yeast Mitochondria and Subfractionation of Mitochondria 35 S-labeled precursor proteins were synthesized using the TNT SP6-coupled transcription/translation kit (Promega) and plasmid-vectors pSP64 containing the genes of interest. The radioactive material was then denatured in 8 M urea, 50 mM HEPES (pH 7.4), 5 mM EDTA, and 20 mM DTT for 40 min at 30 C. The precursor is imported in 50 mg WT yeast mitochondria in the presence of 2 mM ATP and 2.5 mM NADH for the indicated time points at 30 C. Mitochondria were resuspended in 1.2 M sorbitol and 20 mM HEPES (pH 7.4), followed by a treatment with 0.05 mg/mL trypsin to remove unimported material for 30 min on ice (inactivation with 0.5 mg/mL soybean trypsin inhibitor [SBTI] for 10 min on ice). Mitoplasts were produced by resuspending mitochondria in 13 import buffer (Sideris and Tokatlidis, 2010b) at 5 mg/mL and dilution 10 times in 20 mM HEPES (pH 7.4) in the presence or absence of 0.1 mg/mL PK for 30 min on ice. The supernatant was kept for trichloroacetic acid (TCA) precipitation. For carbonate extraction, isolated mitochondria were resuspended in 0.1 M Na 2 CO 3 and incubated on ice for 30 min; the pellet was then recovered by centrifugation (55,000 3 g, 30 min, 4 C). Finally, samples were resuspended in Laemmli sample buffer with b-mercaptoethanol as indicated, analyzed by SDS-PAGE, and visualized by digital autoradiography (Molecular Dynamics). The quantification of the imported material based on the 10% samples was performed using the TotalLab Quant program.
In Vitro Interaction between Mia40 and Gpx3
Purified proteins were precipitated with ammonium sulfate and resuspended in 50 mM Tris (pH 8) with or without DTT (50 mM) to generate the oxidized or the reduced versions of these proteins. After 1 hr at room temperature (RT), 30 ng of each protein per reaction was incubated together for specific time points. Proteins were precipitated with 5% TCA, and AMS labeling was performed in buffer containing 50 mM Tris (pH 7.5), 3% w/v SDS, 3 mM EDTA, and 15 mM AMS for 30 min at 30 C and 30 min at 37 C (adapted from Mavridou et al., 2011) . Proteins were run on non-reducing SDS-PAGE gels and visualized using Coomassie. The same procedure was followed with the radioactive precursor.
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